Abstract: Insects possess a complex network of enzymatic antioxidant systems protecting against reactive oxygen species generated during stress. Superoxide dismutases (SODs) are vital antioxidant enzymes converting superoxide into oxygen and hydrogen peroxide. Helicoverpa armigera is a polyphagous insect and has developed resistance to various phytochemicals and pesticides. Although SODs are studied in several insect species, their characterization has been reported in only a few insect species. Here, we attempted to identify and characterize SOD activity from H. armigera. Electrophoretic separation followed by nitroblue tetrazolium staining revealed the presence of five SOD activity isoforms in the midgut of H. armigera larvae. Total SOD activity was measured at the different larval developmental stages and found maximum at fourth instar and further declined at sixth instar. Total SOD activity was significantly increased by metal ions Mn, Fe, Zn, and Cu and reduced by Ca and Pb. The isoform with highest activity was identified as manganese SOD (MnSOD) because it was found insensitive to H 2 O 2 . The identified MnSOD was partially purified and characterized. After gel filtration chromatography, specific activity of the purified enzyme was found to be 6,348.0 U/mg/min with 26.61% yield. The molecular mass of purified enzyme was calculated to be ∼29.3 kDa by sodium dodecyl sulfate polyacrylamide gel electrophoresis. The optimum pH and temperature for the SOD activity were found to be around 11 and 60°C, respectively. The study could be useful to further understand the functional significance of SODs in the antioxidant mechanism of H. armigera.
Introduction
Induction of excessive reactive oxygen species (ROS) in insects is attributed to their exposure to various stress factors throughout the lifetime. Insects have evolved complex network of enzymatic antioxidant systems to protect against ROS. 1 Superoxide dismutases (SODs) are a major component of the antioxidant enzyme system of insects, which convert superoxide into oxygen and hydrogen peroxide. [2] [3] [4] Helicoverpa armigera (Lepidoptera: Noctuidae) (Hübner) is the most polyphagous, widely distributed, and destructive insect foraging on many important crop plants and causes heavy economic losses. 5, 6 It is continuously exposing to variety of phytotoxins and insecticides commonly used for pest control. These insecticides increase the level of free radicals and influence antioxidant defense mechanism in cells. 7 Insecticides are also known to cause oxidative stress by inducing lipid peroxidation and protein oxidation, and consequently induce production of ROS. [8] [9] [10] Plant prooxidants such as quercetin (a flavonoid) or xanthotoxin (a furanocoumarin) and harmine (a β-carboline alkaloid) are known to produce toxic ROS in the insect gut. [11] [12] [13] A key role of SOD in protecting insects from prooxidant toxicity was evident when its inhibition resulted in the enhanced toxicity toward prooxidants. 12 Altogether, SODs are principle components of insect antioxidant system, which hold a strong potential for study. Moreover, the polyphagous insects including H. armigera which are continuously being exposed to different phytochemicals and chemical pesticides must possess strong antioxidant mechanisms, where SODs play a significant role. Therefore, in this study, we focused to characterize the SOD proteins from H. armigera to understand the biochemistry of these important enzymes.
Several common forms of SOD exist whose active site uses copper and zinc, or manganese, iron, or nickel. Thus, there are three major families of SODs, depending on the protein fold and the metal cofactor: the Cu/Zn type (which binds both copper and zinc), Fe and Mn types (which bind either iron or manganese), and the Ni type (which binds nickel). Biochemical characterization of SODs along with the identification of individual enzyme isoform is an interesting aspect of research in insects. Although several studies from various insect species have reported the molecular characterization and responses of SODs against different types of stresses, [14] [15] [16] [17] [18] knowledge on the identification and characterization of SODs in H. armigera is lacking. Similarly, the role of SODs in insect resistance mechanism against insecticides is also not completely understood yet. There are few studies showing elevated activities and expression of SOD genes in insects after feeding on insecticides. For example, a recent microarray analysis revealed the elevated transcription of SODs in pyrethroid-resistant strains of Anopheles arabiensis. 19 The transcript levels of an SOD were found to be higher in the pesticide-resistant strains of Cimex lectularius, suggesting that these proteins are potentially involved in the elimination of intracellular toxins, which eventually contributes to the pesticide resistance. 20 Studies on antioxidant enzymes in H. armigera are potentially essential while understanding its resistance mechanism. The present investigation reports the characterization of SOD activities and identification of a manganese SOD (MnSOD) from H. armigera.
Materials and methods chemicals
Following chemicals were obtained from Sigma-Aldrich (St Louis, MO, USA): nitroblue tetrazolium (NBT), xanthine oxidase, xanthine, ethylenediaminetetraacetic acid (EDTA), Coomassie Brilliant Blue R-250, sodium dodecyl sulfate (SDS), riboflavin, bovine serum albumin, hydrogen peroxide, and Sephadex G-50. Medium-range (14.3-97.4 kDa) protein molecular weight markers were obtained from Merck-Genei (Bangalore, India). All other chemicals used were of high analytical grade.
Insects
H. armigera larvae were obtained from the International Crop Research Institute for Semi Arid Tropics (Hyderabad, India) and reared on artificial diet (12 hours light:12 hours dark). The diet was prepared according to the methods described previously. [21] [22] [23] Preparation of midgut extract A total of 100 actively feeding fourth instar larvae were immobilized by keeping at -20°C for 30 minutes and dissected. Midguts were removed, weighed, and homogenized with a prechilled mortar and pestle in 1:6 (w/v) volumes of ice-cold 0.1 M Tris-HCl buffer (pH 8). [22] [23] [24] The homogenate was centrifuged at 9,168× g for 20 minutes at 4°C. The supernatant was collected and divided into small aliquots and stored at -20°C until use. Protein concentration from the supernatant was estimated by the method of Lowry using bovine serum albumin as standard. 25 
Visualization of H. armigera sOD activity
Native slab polyacrylamide gel electrophoresis (PAGE) was used to separate SODs. 26 Visualization of separated SOD activity isoforms was performed using previously described method. 27 Briefly, midgut extract (40 µg proteins) was loaded onto the gel, and electrophoresis was carried out at the constant current of 20 mA. After electrophoresis, the gel was washed with distilled water (D/W) and equilibrated in 0.1 M phosphate buffer (pH 8) for 10 minutes. The buffer was removed, and gel was soaked in 1.23 mM NBT solution for 15 minutes in light. Excess NBT was removed by washing the gel with D/W, and then, the gel was soaked in 0.1 M Tris-HCl buffer (pH 8) containing 2.8×10 -2 mM riboflavin and 28 mM tetramethylethylenediamine (TEMED) for 15 minutes in dark. The gel was thoroughly rinsed with D/W to remove excess TEMED and riboflavin, and then, it was further transferred into D/W and developed under light (photochemical reaction) until activity bands were observed.
Total sOD activity during developmental stages of H. armigera larvae Total SOD activity was evaluated from third, fourth, fifth, and sixth instar larvae by using electrophoretic analysis and 
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sOD activities in the midgut of Helicoverpa armigera larvae enzyme assays. SOD activity assay was performed by the method of Imanari et al. 28 The reaction mixture was prepared with 2.4 mL of 0.1 M glycine-NaOH buffer (pH 11.0), and 0.1 mL each of 3 mM xanthine, 3 mM EDTA, 0.75 mM NBT, and 0.1 mL of enzyme extract. Reaction was initiated by the addition of xanthine oxidase (56 mU/mL) and continued at 37°C for 20 minutes. Then, reaction was terminated by using 0.84 mM allopurinol, and the change in absorbance was measured at 560 nm. Visualization of SOD activity isoforms was performed as described in the previous section.
effect of metal ions on total sOD activity ) on total SOD activity was investigated using spectrophotometric assay. Metal ions in their respective concentrations (5 mM each) were pre-incubated with enzyme in a reaction mixture, and the assay was carried out as described earlier for SOD activity assay.
characterization of sOD activity isoforms
SOD activity isoforms showing activity in the presence of 5 mM H 2 O 2 are considered as MnSODs. 29, 30 H. armigera midgut extract was mixed with 5 mM H 2 O 2 , and the mixture was incubated at 37°C for 30 minutes and loaded onto 10% polyacrylamide gel. Visualization of SOD activity isoforms was carried out as described previously. The SOD isoform b with major activity was characterized as MnSOD, since it was not inhibited by H 2 O 2 .
Partial purification of H. armigera MnsOD H. armigera midgut (20 g) was homogenized with a prechilled mortar and pestle in 1:6 (w/v) volumes of ice-cold 0.1 M Tris-HCl buffer (pH 7.8). Homogenate was centrifuged at 9,168× g for 20 minutes at 4°C, and supernatant was collected. To the supernatant, 1:2 (v/v) volumes of chilled acetone was added and kept for overnight at -20°C. The mixture was then centrifuged at 9,168× g for 20 minutes, acetone was removed by air drying, and precipitate was collected. The precipitate was dissolved in minimum amount of 0.1 M Tris-HCl buffer (pH 7.8) and centrifuged at 9,168× g for 20 minutes, and supernatant was collected. This supernatant (5 mL) was loaded onto a Sephadex G-50 column (1.2 cm ×50 cm) equilibrated with 0.1 M Tris-HCl buffer (pH 7.8). Column was eluted at 4°C with a flow rate of 0.5 mL/min with 0.1 M Tris-HCl buffer (pH 7.8), and fractions of 2 mL were collected. Elution of proteins was monitored at 280 nm. All collected fractions were screened for MnSOD activity.
Molecular mass determination
Molecular mass of purified MnSOD was determined by SDS-PAGE according to the procedure of Laemmli. 31 Purified protein (10 µg) was loaded onto 12% SDS polyacrylamide gel with standard molecular weight markers (14.3-97.4 kDa), and electrophoresis was carried out at a constant current of 20 mA. After electrophoresis, the gel was stained with Coomassie Brilliant Blue R-250 and distained to visualize protein bands.
Optimum temperature and ph of MnsOD activity
The stability of MnSOD at different temperatures (10°C-90°C) was evaluated. Purified enzyme was incubated at various temperatures ranging from 10°C to 90°C with 10°C intervals. The reaction mixture was prepared with 2.4 mL of 0.1 M glycine-NaOH buffer (pH 11.0), and 0.1 mL each of 3 mM xanthine, 3 mM EDTA, 0.75 mM NBT, and 0.1 mL of preheated enzyme. Reaction was initiated by the addition of xanthine oxidase (56 mU/mL) and continued at 37°C for 20 minutes. Then, reaction was terminated by using 0.84 mM allopurinol, and the change in absorbance was measured at 560 nm. The reaction rate was linear with time, protein content, and substrate concentration. The activity of MnSOD in various buffers was also evaluated by pre-incubating the reaction mixture with 200 µL of each buffer (0.1 M, pH 2.0-12.0 buffers: i) glycine-HCl, pH 2.0 and 3.0; ii) acetate buffer, pH 4.0 and 5.0; iii) phosphate buffer, pH 6.0 and 7.0; iv) TrisHCl, pH 8.0 and 9.0; and v) glycine-NaOH, pH 10.0, 11.0, and 12.0). The assay was carried out as described above for optimum temperature.
statistical analysis
All the experiments were carried out at least three times with three biological replicates using 30 larvae for each replicate. One-way analysis of variance and Student's t-tests were performed to verify the significance of the observed differences in enzyme activities during different instars and with various metal ions using SPSS, version 15⋅0 (SPSS Inc., Chicago, IL, USA).
Results

larval stages of H. armigera and total sOD activity
Five SOD activity isoforms were detected in H. armigera midgut ( Figure 1A ), which were numbered as a-e. SOD b and c showed higher activity as compared to SOD a, d, and A B Figure 1 Visualization of sOD activity isoforms and determination of total sOD activity at various developmental stages of Helicoverpa armigera larvae. Notes: (A) Proteins were separated on 10% native polyacrylamide gel, and sOD activity isoforms were stained with nBT. Five sOD activity isoforms were detected and numbered as a-e. (B) Total sOD activity was measured from third to sixth instar of the larvae. The experiment was conducted in triplicate using three biological replicates (30 larvae for each replicate). Data were subjected to one-way ANOVA to verify the significance of the observed differences in enzyme activities during different instars. The data were mean ± sD. *P,0.05; **P,0.01. Abbreviations: sOD, superoxide dismutase; nBT, nitroblue tetrazolium; AnOVA, analysis of variance; sD, standard deviation. Notes: Proteins were extracted form actively feeding H. armigera larvae and used as source of sOD. The enzyme extract was incubated with each metal ion (5 mM), and the incubated reaction mixture was subjected to sOD activity assay. sOD activity assay was carried out with various metal ions. The experiment was conducted in triplicate using three biological replicates (30 larvae for each replicate). Data were analyzed by student's t-tests (control vs treatment) to verify statistical significance. The data were mean ± sD. *P,0.05; **P,0.01. Abbreviations: sOD, superoxide dismutase; sD, standard deviation.
e. Nevertheless, SOD b showed maximum activity, while isoform a displayed minimum activity as compared to the remaining isoforms ( Figure 1A ). Qualitative and quantitative estimation of total SOD activity was executed at different developmental stages (third to sixth instar) of H. armigera larvae. Results revealed that total SOD activity was directly proportional to the growth of larvae up to fourth instar and found to be 600 U at this stage (t-test, P,0.05). However, the activity was further slightly declined at fifth instar (500 U) and observed to be lowest at sixth instar (200 U) of the larval development (t-test, P,0.05) ( Figure 1B) . Similar results were evident from electrophoretic detection and enzyme assays ( Figure 1 ).
effect of metal ions on total sOD activity
Effect of metal ions on H. armigera SOD activity was evaluated using the larval gut extract. Protein extraction was done with actively feeding fourth instar H. armigera larvae by expecting the maximum enzyme activities at this stage of growth. The method of extraction was thoroughly described in the "Materials and methods" section. Total SOD activity was significantly increased in the presence of metal ions such as Fe, Cu, Mn, and Zn, whereas the metal ions Ca and Pb were found to be responsible for decrease in total SOD activity, suggesting that these metals are not good cofactors for SOD activity (Figure 2 ). The highest total SOD activity was recorded with Fe, whereas minimum enzyme activity was recorded in the presence of Pb as compared to the activity without metal ions (Figure 2 ; t-test, P,0.05).
Identification of H. armigera MnsOD
Usually, inhibition assay with H 2 O 2 is used as a marker to characterize the SODs. SOD which is found insensitive in the presence of higher concentration of H 2 O 2 (5 mM) is considered as MnSOD. In the present study, among the five SOD activity isoforms detected, only SOD b was not inhibited, while all the remaining isoforms were found to be inhibited in the presence of H 2 O 2 ( Figure 3) . Thus, the prominent SOD 
Biochemical properties of H. armigera MnsOD
The identified MnSOD was partially purified to near-homogeneity using gel filtration chromatography. After gel filtration chromatography, the specific activity of purified enzyme was found to be 6,348.0 U/mg/min with 26.61% yield ( Table 1) . The purified enzyme appeared as single protein band with a molecular mass of ∼29.3 kDa in SDS polyacrylamide gel ( Figure 4A ). Native PAGE of the same eluted fraction showed the single MnSOD isoform b ( Figure 4B ). Activity of MnSOD at different temperatures was checked by spectrophotometric assay. Enzyme activity was not changed up to 10°C. Further, the activity was changed with respect to change in temperature. Maximum activity was observed at 60°C. As temperature increased, the activity was further declined and came to its lowest peak at 90°C ( Figure 5A ). MnSOD activity was also investigated at different pH ranging from 2.0 to 12.0. H. armigera MnSOD showed maximum activity at pH 11.0 ( Figure 5B ).
Discussion
H. armigera has acquired strong resistance to various chemical pesticides and plant toxins, and thus, necessarily has developed a strong antioxidant mechanism. 11, 12 SODs are a foremost constituent of antioxidant system, and their activities are found to be increased in pesticide-resistant strains of some insect species. 19, 20 The present investigation reveals the presence of five SOD activity isoforms in the midgut of H. armigera. Insect polyphagy might be attributed to the existence of numerous and diverse antioxidant and detoxifying enzymes and their isoforms. 32, 33 Identification and upregulation of number of SOD activity isoforms in insects against various stresses have been reported previously. 14, 18 Studies confirmed the presence of different SOD activity isoforms in several insect species. H. armigera MnsOD showed strong activity at highly alkaline ph. The data were mean ± sD. Abbreviations: MnsOD, manganese superoxide dismutase; sD, standard deviation.
Our results are consistent with previous findings reported in insect species. Interestingly, in the present study, total SOD activity was observed to be increased continuously as the larval developmental stages progressed. Maximum enhancement in the total SOD activity was observed in fourth instar, and the activity was further declined at fifth to sixth instar of the larvae. At these stages, larvae may attempt to do vigorous feeding, and thus might have chance to encounter several phytochemicals. Vigorous feeding may lead to increased metabolic rate and consequently formation of more ROS, which can result in an accelerated antioxidant mechanism. SODs are ubiquitous metalloenzymes isolated and characterized from various species of organisms. 34 In eukaryotes, there are two distinct isoforms of SODs distinguished by the type of metal present at their active sites: CuSOD, ZnSOD, and MnSOD. We have checked the effect of various divalent metal ions on H. armigera total SOD activity.
H. armigera total SOD activity was significantly increased in the presence of metal ions namely Mn, Cu, Zn, and Fe, while decreased in the presence of Pb and Ca. These outcomes suggest the need of divalent metal ions for SOD; however, this is the major distinguishing character of SODs for their classification. 30, 35 Naturally, metal ions serve many functions in proteins, including the modification of protein structures, enhancement of the structural stability of the proteins in the conformation required for biological function, or taking part in the catalytic processes of enzymes. For SOD enzymes, the presence of metal ions is crucial for activity. 29, 30 Each SOD isozyme has been found to have a particular characteristic sensitivity toward a number of reagents. Cyanide was found to inhibit the CuSOD and ZnSOD but not the MnSOD. The product of the dismutation reaction, hydrogen peroxide, inactivates both the Cu/Zn and Fe but not the MnSOD. 29 Various methods have been developed to distinguish SODs, which are based on selective inhibition or reconstitution of a particular form of enzyme. 30, 36 Here, the major isoform b with the highest activity was characterized as MnSOD, since it was found insensitive to H 2 O 2 . Formerly, MnSOD was identified and characterized from the important insect species such as Bombyx mori and Drosophila melanogaster. 12, 37 The apparent molecular mass of purified SOD protein was ∼29.3 kDa. The observed molecular mass of the H. armigera MnSOD is consistent with those of the MnSODs characterized so far in the insect species. 37 The H. armigera MnSOD was found stable in a wide temperature range (20°C-90°C) under the experimental conditions, and its stability was similar to those of other insect SODs. 37 Previous studies have shown that temperature stress can cause MnSOD induction in several species. 38 An earlier study indicated that the activity of Cu/ ZnSOD in Bemisia tabaci was noticeably enhanced under cold and heat stress. 39 In another study, the authors found that the MnSOD activity in B. tabaci was also increased with the high temperature conditions. 38 H. armigera MnSOD showed maximum activity at pH 11. Results are consistent with previously reported pH optima for SOD activity in Spodoptera litura. 13 Gut pH conditions are likely to have a major influence on the efficiency of nutrient extraction in insect herbivores. 40 Although some plant cells are macerated during the mechanical process of ingestion, most cell lysis occurs in the gut, and midgut alkalinity greatly enhances extraction of foliage proteins. At high pH, the stability of superoxide anion radical is of the order of 100,000-fold greater than at the mildly acidic pH of grasshopper. 41 MnSOD activity found at alkaline pH could be more useful in catalyzing the dismutation of superoxide in the high pH midgut of H. armigera. A detailed 
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sOD activities in the midgut of Helicoverpa armigera larvae biochemical and molecular analysis of different SOD activity isoforms of H. armigera upon exposure to a particular stress will highlight their specific roles.
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